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We have observed strong photoluminesene from a single CdSe quantum dot embedded in a ZnSe
nanowire. Exiton, biexiton and harged exiton lines have been identied unambiguously using
photon orrelation spetrosopy. This tehnique has provided a detailed piture of the dynamis of
this new system. This type of semi onduting quantum dot turns out to be a very eient single
photon soure in the visible. Its partiular growth tehnique opens new possibilities as ompared to
the usual self-asssembled quantum dots.
PACS numbers: 78.67.Lt, 78.55.Et
Semiondutor nanowires (NWs) appear as promising
building bloks for nanosale devies and iruits with
impressive potential appliations inluding nanoeletron-
is [1, 2, 3℄, optoeletronis (light emitting diodes [4, 5℄,
nanolasers [6℄), thermoeletrial energy onversion [7℄,
and biologial or hemial sensors [8℄. Moreover, high
quality defet free nanowires an be grown on low-ost,
routinely used substrates suh as silion, whih means
that they ould easily be used for fabriating ommer-
ial devies and ould possibly be integrated with main-
stream Si miroeletronis devies.
NW growth methods allow for the variation of the
hemial omposition [9, 10℄ or doping [11℄ along the lon-
gitudinal or radial diretions. This enables the fabria-
tion of well ontrolled 1D nanosale heterostrutures [10℄.
For example, as shown in this work, it is possible to in-
sert a slie of a low band gap semiondutor within a high
bandgap NW and thus realize a light emitting quantum
dot (QD) operating as a single photon soure [12, 13℄.
So far, work on the light emitting properties of single
quantum dots has mainly onerned self-assembled QDs
formed by surfae fores indued by lattie mismath be-
tween dierent materials. Suh QDs have been widely
used in the past deade as single photon soures [14℄ and
for their potential appliation in quantum information
proessing (see for example [15, 16℄). QDs in NWs appear
to be an interesting alternative to self-assembled quan-
tum dots. The absene of a wetting layer oers a better
onnement whih ould enable room temperature pro-
dution of single photons [13℄. Radial growth tehniques
enable engineering of optial guides allowing more e-
ient light extration than in bulk materials [17, 18℄. Fur-
thermore, NW based heterostrutures, being muh less
limited by lattie mismathes, greatly widen the possible
materials ombinations and enable well ontrolled stak-
ing of several QDs in a single NW, oering interesting
possibilities for quantum information proessing [19℄.
In this letter we present the rst detailed optial har-
aterization of exitoni emission in a single CdSe QD
embedded in a ZnSe NW. We have already shown that
this system is an eient single photon soure operat-
ing at temperature as high as 220 K [13℄. Single pho-
Figure 1: Sanning eletron mirosope image of a single
CdSe/ZnSe nanowire deposited on a silion substrate.
ton emission from NWs has otherwise only been demon-
strated at 4 K in InAs QDs embedded in InP NWs [12℄.
Our system emits light around 550 nm (2.2eV) where
silion avalanhe photodiodes (APDs) are very eient.
This has allowed us to perform the rst thorough spe-
trosopi analysis of a QD embedded in a NW by using
photon orrelation spetrosopy [20℄. We have identi-
ed unambiguously the exiton, biexiton, and harged
exiton lines and obtained information on the harging
dynamis of this QD.
The wires are grown by Moleular Beam Epitaxy
(MBE) in the Vapour-Liquid-Solid (VLS) growth mode
atalysed by gold partiles on a Si substrate. In order
to make QDs, a small region of CdSe is inserted in the
ZnSe NW. This is done by interrupting the ZnSe growth,
hanging to CdSe growth for a short time and then grow-
ing ZnSe again [13℄. Details about the growth of the ZnSe
NWs an be found in referene [21℄. The wire diameter
(around 10 nm) is of the order of the bulk exiton Bohr
diameter for CdSe (11 nm). This means that the arri-
ers in the CdSe QD are in the strong quantum onne-
ment regime. For the study of single NWs, the sample
is soniated in methanol, ausing NWs to break o the
substrate into the solution. Droplets of this solution are
then deposited on a Si substrate, and a low density of
individual NWs is obtained after evaporation. As shown
in g. 1, individual NWs an be isolated, allowing single
QD optial spetrosopy.
The experimental apparatus is a standard miropho-
toluminesene (µPL) set-up. The samples are mounted
on a XYZ piezo motor system in a He ow ryostat at
2a temperature of 4 K. The optial exitation is provided
by a 405 nm ontinuous-wave (CW) diode laser illuminat-
ing the sample via a mirosope objetive of numerial
aperture NA = 0.65 loated in the ryostat. The NW
emission is olleted by the same objetive and sent to
a 50/50 beamsplitter for orrelation measurements. In
eah arm of the beamsplitter, the light is dispersed by a
monohromator (1200 grooves/mm grating, 30 m and 50
m foal length respetively). Eah monohromator has
a swithable mirror inside, whih an diret the lumines-
ene either onto a harge oupled devie (CCD) amera
for the measurement of the PL spetrum or through the
exit slit towards a low jitter (40 ps), high quantum e-
ieny APD. The detetors send eletrial pulses into a
time-orrelated single photon module that builts an his-
togram of the time delays between suessive photons.
This histogram is proportional to the seond order or-
relation funtion g(2)(t) [14℄. The overall temporal res-
olution of our set-up is essentially limited by the jitter
of the APDs and the dispersion of the monohromator
gratings. This time resolution was measured by reord-
ing the autoorrelation funtion of 1 ps pulses from a
frequeny-doubled Ti:Sapphire laser. A full width at half
maximum of 90 ps was obtained for the autoorrelation
funtion peak.
The results presented in this work all ome from the
same QD. A typial µPL spetrum is shown in the inset
of g. 2 where three lines an be seen. A omparison
with relative energy positions of known emission lines in
spetra of self-assembled CdSe/ZnSe QDs [22, 23℄ sug-
gests that these lines orrespond to the exiton (X), the
biexiton (XX) and the harged exiton (CX). Unam-
biguous proof for the assignement of these lines will be
given below using photon orrelation spetrosopy. The
width of the lines is due to spetral diusion [24℄.
One of the harateristi features of suh NW QD
strutures is their polarization properties. As shown in
[13℄ the exitation eieny and the luminesene are
both strongly polarization dependent [25, 26, 27℄. A
90% ontrast is obtained for the exitation eieny de-
pending on the diretion of the linear polarization of the
pumping laser. The light emission is also 90% linearly
polarized in the same diretion as the best pumping po-
larization, independently of the exitation polarization.
It an be seen in g. 2 that the saturation level of
the XX line is more than three times larger than that of
the X line. This is due to a strong storage eet of the
dark exiton state owing to a rather large dark-bright
exiton splitting (∆E = 6 meV) [28℄. The dark exiton
state redues the intensity of the X line owing to the
leakage from the bright to the dark exiton states aused
by spin ip but it remains an eient intermediate state
for populating the XX state [29℄.
The level sheme used to model our system is shown
in gure 3. It is based on models used in referenes
[30, 31, 32℄ where the arriers an enter the QD either
individually (power dependent rates γC1 and γC2) or al-
ready bound as exitons (power dependent rate r). We
10
2
10
3
10
4
10
5
µ
P
L
 
i
n
t
e
n
s
i
t
y
 
(
c
o
u
n
t
s
/
s
)
1 10
Power (µW)
 : X
 : CX
 : XX
30
20
10
0
x
1
0
3
 
2.242.222.20
Energy (eV)
X
XX
CX
Figure 2: Inset : µPL spetrum at an exitation power of P =
15µW . The eletroni bakground noise has been subtrated.
Main plot : Line intensities as a funtion of exitation power.
Figure 3: Level sheme inluding the empty dot (E0), the
dark exiton (EXD), the bright exiton (EXB), the biexi-
ton (EXX), the harged dot (EC), and the harged exiton
(ECX). The various rates between the dierent level are in-
diated in the gure.
have added the dark exiton, whih plays a key role in
our system. It inludes the bright and dark exiton, the
harged exiton, and the biexiton. A triexiton level
and a harged biexiton level are also inluded to avoid
artiial saturation of the biexiton and of the harged
exiton but they are not represented in gure 3.
All of the power independent parameters of the model
an be evaluated independently prior to photon orre-
lation experiments by performing lifetime measurements
[28℄. Their values are listed in table I. These values
are ompatible with what has already been measured on
self-assembled CdSe/ZnSe QDs [23℄.
We ome now to the main results of this work on pho-
γX γXX γCX γSP1 γSP2 γNR
1.4 2.5 1.7 1.4 0 0.2
Table I: Table of power independent transition rates in ns−1.
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Figure 4: (a) Exiton emission autoorrelation, (b) exiton-
biexiton ross-orrelation for an exitation power P =
15µW . The left axes are the orrelation funtions orreted
from the bakground and the right axes are the raw oini-
dene rates (see text). The t is performed using the model
based on g. 3. The power dependent parameters used for
the t are r = 0.6ns−1, γC1 = γC2 = 1ns
−1
. The other
parameters are given in table I.
ton orrelation experiments. We present rst the data
onerning the neutral QD in g. 4. The autoorrelation
of the X line emission is shown in g. 4 (a) exhibiting a
lear antibunhing whih is harateristi of the statistis
of a single photon emitter [14℄.
Fig 4 (b) shows the ross orrelation measurement be-
tween the X and the XX line. It displays the typial
asymmetri shape with bunhing and antibunhing fea-
tures that is the signature for the asaded emission of a
XX photon followed by a X photon [33℄. This allows us
to identify unambiguously these two lines as exiton and
biexiton of the same QD. Note that the narrow bunh-
ing peak an only be tted if the dark exiton is inluded
in the model.
For all the orrelation graphs (gs. 4 and 5) the right
vertial axes are the raw number of oinidenes. The
left axes represent the normalized orrelation funtion
aording to a Poisson statistis where the oinidenes
involving bakground photons have been subtrated. The
orreted orrelation funtion g(2) is related to the un-
orreted one g
(2)
u by g(2) − 1 = (g
(2)
u − 1)/ρ2, where
ρ = S/(S +B) with S and B respetively the number of
signal and bakground photons as measured in the spe-
trum of g. 2.
The autoorrelation of the CX line is shown in g. 5
(a). As for the X line, it exhibits a lear antibunhing.
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Figure 5: (a) Charged exiton autoorrelation for an exi-
tation power P = 8µW , (b) Exiton-Charged exiton ross-
orrelation for an exitation power P = 10µW . The ts are
performed using the model based on g. 3. The power de-
pendent parameters used for the ts are respetively r =
0.31ns−1, γC1 = 0.09ns
−1
, γC2 = 0.058ns
−1
for the CX
autoorrelation (a) and r = 0.37ns−1, γC1 = 0.25ns
−1
,
γC2 = 0.28ns
−1
for the X-CX ross-orrelation (b). The other
parameters are given in table I. () Representation of the
stream of photons oming alternatively from the neutral and
the harged QD.
Also, on a larger time sale, a bunhing eet an be ob-
served. This is due to the hopping from the harged state
to the neutral state of the QD as onrmed by the X-CX
ross orrelation displayed in g. 5 (b). This proves
that the CX line omes from the same QD as the X
line. The situation is depited shematially in g. 5 (),
whih shows that the photons are emitted either from
the harged or from the neutral state of the QD. The
average time spent by the quantum dot in the harged
state is given by the harateristi time of an exponential
tting of the bunhing peak in g. 5 (a) whih is 5 ns.
It should be notied that the antibunhing dip in gure
5 (b) is not symmetrial. Negative (positive) time orre-
sponds to the probability of deteting a CX (X) photon
after having deteted a X (CX) photon. Formation of a
CX in an empty QD (t < 0) requires the loading of three
harges, whereas the formation of an X in a QD with a
single harge (level Ec in g. 3) is faster sine it requires
only the loading of a single harge (t > 0) [30, 31, 32℄.
Note that we do not know whether this harge is positive
or negative. We an only say that by omparison with
4spetra for self-assembled CdSe/ZnSe QDs [22, 23℄ the
harge state is probably negative.
As an be seen in gs. 4 and 5 the experimental results
are tted very well by the model shown in g.3 taking into
aount the temporal resolution of our experimental set-
up (90 ps). Inlusion of the dark exiton turned out to be
essential for the modelling of the photon orrelation data.
Allowing for the oexistene of two exitation meha-
nisms, namely harge by harge (desribed by γC1 and
γC2) or diretly feeding the QD with an already bound
exiton (desribed by r) has also turned out to be nees-
sary for the tting. The QD harge hopping time depends
on the value of these parameters. Note that XX autoor-
relation and the CX-XX ross-orrelation (not shown)
are also tted well using the same set of parameters [24℄.
The model gives also the orret intensities of the spe-
tral lines within 10% [24℄.
In onlusion, we have used photon orrelation spe-
trosopy to haraterize a new type of light emitting
quantum dot embedded in a nanowire. We obtained
a very good t to the experimental data with a model
based on a standard exitoni level sheme. This allowed
us to extrat quite omplete dynamis of the neutral and
harged exitons inluding harge hopping between these
two states of the QD. CdSe/ZnSe QDs in NWs are nano-
objets situated between self-assembled QDs and CdSe
based olloidal nanorystals [34, 35℄. The latter operate
at room temperature but have a blinking problem and a
lifetime above 20 ns. On the other hand, self-assembled
QDs are non-blinking and feature a sub-nanoseond life-
time allowing GHz repetition rates. QDs embedded in
NWs have the potential to ombine the best of both
worlds by oering non-blinking room temperature [13℄
single photon soures with a high repetition rate. Fur-
thermore, the versatility of this partiular nanostruture
growth tehnique oers interesting perspetives for en-
gineering semi-onduting QDs, suh as oupled QDs or
waveguide oupled QDs.
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